Summary. Hormonal, metabolic and cardiovascular responses to insulin induced hypoglycaemia were investigated in seven Type 1 (insulin-dependent) diabetic patients with residual B cell function, eight Type 1 diabetic patients without B cell function and six healthy subjects. No differences were found between the diabetic groups regarding nadir of glucose and rate of recovery to normoglycaemia. The patients with residual B cell function had a glucagon response to hypoglycaemia which was close to that of normal subjects. In patients without B cell function, the glucagon response to hypoglycaemia was present, albeit significantly smaller than in the patients with preserved B cell function (0.025 ng/ml, range 0.007-0.042 versus 0.054ng/ml, range 0.029-0.087). The group without B cell function had signs of an exaggerated rate of lipolysis and ketogenesis compared with the patients with B cell function and the normal subjects.
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In normal man plasma concentrations of the counterregulatory hormones (e. g. adrenaline, glucagon, cortisol and growth hormone) increase in response to insulin-induced hypoglycaemia [1, 2] . In normal subjects, glucagon plays a major role in blood glucose recovery after hypoglycaemia [1, 31 , whereas the role of other counter-regulatory hormones in producing blood glucose recovery has not yet been completely clarified.
Gerich et al. [4] found no plasma glucagon response in Typel diabetic patients during hypoglycaemia. Others have demonstrated that in stable insulin-treated Type 2 diabetic patients, unlike 'brittle' Type 1 diabetic subjects, the ability to increase glucagon concentrations during hypoglycaemia persists. Blood glucose recovery is slower in patients with 'brittle' diabetes and there is a blunted glucagon response [5, 6] .
In Type 1 diabetic patients the relative characteristic of metabolic stability may be due to residual B cell function [5] [6] [7] . The aim of the present study was to investigate whether the glucagon response to insulin-induced hypoglycaemia is dependent on residual B cell function in Type 1 diabetes, and, if so, whether the magnitude of glucagon response is related to the rate of blood glucose recovery after hypoglycaemia.
Patients and Methods

Patients
Three groups of males were studied. Eight Type i patients without residual B cell function (group 1) and seven with residual B cell function (group 2; all were ketosis prone). The clinical characteristics of the diabetic groups are shown in Table 1 . In addition six normal subjects were also studied. All were of normal weight with a mean age of 28 years (range 22-34 years) (group 3).
In group 1, endogenous insulin secretion could not be detected by plasma C-peptide measurements, before and 6 min after an IV injec~ tion of 1 mg of glucagon [8] . Group 2 had a mean fasting plasma Cpeptide concentration of 0.09 nmol/l (range 0.06-0.13 nmol/1), which increased to 0.15 nmol/1 (range 0.09-0,27 nmol/l) 6 min after an IV injection of glucagon. Corresponding values in 78 normal subjects were 0.35 nmol/l (range 0.25-0.63 nmol/1) and 1.20nmol/l (range 0.86-1.88 nmol/l), respectively [8] . Apart from insulin, the patients took no drugs. None of the subjects had signs or symptoms of liver or renal disease. None had any evidence of automatic neuropathy or pe~ ripheral neuropathy as judged by beat-to-beat variation in heart rate during deep breathing [9] , by orthostatic blood pressure measurement and by vibratory perception threshold [10] (Table 1 ). In accordance with the Helsinki Declaration, we informed all patients about the purpose and design of the study before obtaining their written consent.
Methods
Three days before the study, a glucagon test, for evaluation of B cell function, was performed in all the patients. To ensure absence of SC depots of intermediate acting insulin only soluble insulin was used during the 2 days before admission to hospital. Insulin was taken before main meals and at 22.00 h in doses adjusted according to urine test results. No patient had ketonuria, and none had subjective symptoms of hypoglycaemia during the last 36 h before the study. The patients took their last dose of soluble insulin at 17.00 h on the evening of admission followed by their usual meal at 17.30 h and a snack at 22.00 h when admitted to the metabolic ward. An overnight IV insulin infusion was started between 22.00-24.00h at an initial rate of 2-4 IU/h, The rate was adjusted according to frequent blood glucose measurements and aimed at achieving a normal blood glucose concentration at 08.00 h. At 08.00 h hypoglycaemia was induced by IV in-0012-186X/82/0023/0499/$01.00 5OO fusion of insulin 0.151U. kg body weight -1 9 h -1. During the insulin infusion period, the blood glucose concentrations were determined by means of a glucose reflectance meter (Eyetone, Ames, Elkhardt, USA). The infusion was stopped when the subjects had symptoms of hypoglycaemia (sweating, dizziness or palpitations).
After an overnight fast the normal subjects were admitted to the metabolic ward at 07.00 h and rested 1 h before starting insulin infusion. Blood samples were taken 15 rain before, at the start of induction of hypoglycaemia (0) and 30 rain after the start of induction of bypoglycaemia (at the end of insulin infusion) and 15, 30, 60, 90 and 120 rain after the end of insulin infusion. Heart rate and blood pressure were measured at the same time intervals using a sphygmomanometer.
A total of 320 ml blood was drawn and the samples were cooled immediately. The plasma was separated within 10 min and kept below 20 ~ C. Serum glucose was measured with the hexoldnase method [11] . Lactate, pyruvate, glycerol, fl-hydroxybutyrate and acetoacetate were determined using standard enzymatic methods [12] . Serum non-esterifled fatty acid (NEFA) was measured colorimetrically [13] . Free insulin was measured after precipitation of insulin binding antibodies with polyethylene glycol [14, 15] . The sensitivity of the assay is 0.4 mU/l with a coefficient of variation of 0.04. Plasma adrenaline and noradrenaline were determined by a double-isotope derivative method [16] with certain modifications [17] and with a sensitivity of 250 pg per sample (8 ml) and a coefficient of variation of 6%. Glucagon was measured with a radioimmunoassay using antibody K5563 which is specific for the C-terminal portion of glucagon [18] . The antiserum employed does not crossreact significantly with enteroglucagon; Sensitivity 0.01 ng/ml and coefficient of variation 0.05. Growth hormone was measured by a commercially available solid phase radioimmunoassay kit (Phadebas, Uppsala, Sweden) with a sensitivity of 0.5 mU/1 and a coefficient of variation of 0.05. [20] . Cpeptide was assayed with antibody M1230 [21] . The sensitivity of this assay is 0.03 nmol/l and the coefficient of variation is 0.05.
The statistical analyses were performed using Mann-Whitney's rank sum test for unpaired data. Wilcoxon's test comparing paired data and Spearman's rank correlation test to calculate the coefficients of correlation. The level of type I error (2 alpha) was set at 0.05.
The data are presented as mean + SEM.
Results
The time elapsed from the beginning of insulin infusion to hypoglycaemia did not differ significantly between patients with B cell function (81 _ 13 min), without B cell function (92 + 16 min) and normal subjects (61 + 8 min).
Glucose, Free Insulin, and C-Peptide Levels
Blood glucose levels were similar in the two patient groups before induction of hypoglycaemia (Table2, Fig. 1 ). The glucose nadirs and rates of glucose recovery were not different between the three groups at any time ( Fig. 1) . Serum glucose concentrations before induction of hypoglycaemia were significantly lower in the normal subjects compared with both patient groups. Plasma free insulin concentrations were similar in diabetic 'patients with and without B cell function, whereas the normal subjects had significantly lower plasma free insulin concentrations than the diabetic patients before induction of hypoglycaemia and significantly higher concentrations 120 min after the end of insulin infusion (Fig. 1) .
In the patients with residual B cell function, plasma C-peptide concentration before induction of hypoglycaemia was 0.07 __+ 0.02 and 0.05 __+ 0.01 nmol/l at 120rain (Fig.l) . In the normal subjects the average C-peptide concentration was 0.33 + 0.01 nmol/l before induction of hypoglycaemia but only 0.16 + 0.01 nmol/1 at 120 min despite no difference in corresponding blood glucose concentrations.
Counter-Regulatory Hormones
Neither the concentrations nor the incremental areas above baseline of adrenaline, cortisol and growth hormone (Fig. 2) were different in the three groups except for a lower concentration of adrenaline before induction of hypoglycaemia in the group without B cell func- Table 2 . Blood glucose levels during 8 h before hypoglycaemia in diabetic patients with and without B cell function Blood glucose levels during 8 h (retool/l) and in normal subjects (V---V). ~ significant difference between diabetic groups. 9 difference between normal subjects and patients with B cell function, 9 difference between normal subjects and patients without B cell function, zx denotes end of insulin infusion tion compared with the group with B cell function. The incremental area of noradrenaline was reduced in the group without B cell function compared with the group with B cell function (p < 0.02), but similar to that of normal subjects. In the diabetic subjects maximal values of growth hormone after the end of insulin infusion occurred earlier than in the normal subjects (p < 0.02).
Before induction of hypoglycaemia, the glucagon concentration was higher in the diabetic group with residual B ceil function than in both the normal subjects and the group with no B cell function (Fig. 2) . All patients had a rise in glucagon concentrations during hypoglycaemia. This response, defined as the difference between the basal level and the maximal value in each patient, was significantly reduced in the group without B cell function (mean 0.025ng/ml, range 0.007-0.042ng/ml) when compared with that in the group with preserved B cell function (0.054ng/ml, range 0.029-0.087ng/ml; p < 0.01) and normal subjects (0.098 ng/ml, range 0.035-0.148 ng/ml). Glucagon 
Metabofites
The concentrations offl-hydroxybutyrate and acetoacetate were higher in the group without B cell function throughout the study (Table 3) . From 30 min after stopping insulin, a decline in glycerol concentration was seen in the patients with B cell function, whereas the reverse occurred during the study period in patients without B cell function. No difference in NEFA concentration occurred (Table 3) .
The concentrations of lactate and pyruvate did not differ between the diabetic groups except at 90 and 120min; when the group with residual B cell function had lower lactate concentrations (p < 0.05).
Cardiovascular Variables
The heart rate was not different in the three groups during the study period. The increase in systolic blood pressure was greater and the values after hypoglycaemia were higher in the group without B cell function when compared to patients with B cell function (p < 0.05) except at 120 min.
Discussion
This study shows there is a reduction in glucagon response to hypoglycaemia in Type 1 diabetic patients without residual B cell function compared with patients with residual B cell function. The exact mechanism by which hypoglycaemia stimulates glucagon secretion has not been established. Previous metabolic control, autonomic nervous activity and A cell glucoreceptors have all been suggested as modulators of glucagon response to hypoglycaemia in diabetes. In this study all the patients were treated similarly with fast acting insulin for 48 h before the study; and during the last 10 h, when IV insulin infusion was used a comparable degree of glycaemic control was achieved in both groups. At 08.00 h before induction of hypoglycaemia, near-normal blood glucose levels were obtained and no correlation was demonstrated between basal glucose levels and glucagon responses in the diabetic patients. Ensinck and Kanter [22] have also found the same glucagon response to hypoglycaemia before and after 24 h of normoglycaemia in Type 1 diabetic patients. It would seem that differences in glycaemic control cannot explain the glucagon results.
Maher et al. [23] showed that the glucagon response to hypoglycaemia was absent in patients with autonomic neuropathy. In accordance with this, we have also found no glucagon response to hypoglycaemia in 10 Type 1 diabetic patients with autonomic neuropathy [24] . Several reports have demonstrated that the sympathetic nervous system is of minor or no importance for the glucagon response to hypoglycaemia [25, 26] . Parasympathetic activity has been held responsible for glucagon release [24] . Thus, impaired glucagon release in the patients without B cell function might be due to parasympathetic neuropathy. However, our patients had no signs of vagal defects as evaluated from beat-tobeat variation of heart rate during hyperventilation.
Gerich et al. [4] proposed that the absent glucagon response to hypoglycaemia is caused by an A cell glucoreceptor defect. In the light of the high insulin concen-trations obtained during hypoglycaemia, the present study supports the concept that A cell unresponsiveness in Type 1 diabetic patients may be due to a glucoreceptor defect rather than insulin lack. The mechanisms of A-B cell interaction explaining this is unknown. The reports from Shima et al. [5] and Reynold et al. [6] demonstrating an almost normal glucagon response to hypoglycaemia in insulin-treated Type 2 diabetic patients, supports the importance of residual B cell function, for the glucagon response to hypoglycaemia.
Thus the glucagon response to hypoglycaemia in Type 1 diabetic patients demonstrates a range from nearly normal values in patients with residual B cell function compared with an absent response in patients with overt autonomic neuropathy and with no B cell function [24] . Intermediate responses are seen in patients without neuropathy and no B cell function. The exact physiological mechanisms responsible for this diversity of response remain to be established.
In our study the nadir and rate of glucose recovery were identical in the diabetic patients with and without B cell function despite the differences in glucagon responses. This is in accordance with recent experiments suggesting that glucose counter-regulation in man is impaired only if glucagon and adrenaline responses are impaired [27] .
Despite similar peripheral free insulin concentrations, the rate of lipolysis as expressed by glycerol concentrations and rate of ketogenesis were relatively normal in the group with residual B cell function. This difference could be due to higher portal insulin levels in patients with residual B cell function.
